Zika virus (ZIKV), a mosquito-borne member of the family Flaviviridae, is a human pathogen of global significance. Recently, ZIKV, has become a public health problem with increases in numbers of cases and a strong association between ZIKV outbreaks and the spread of cases of Guillain-Barré Syndrome and microcephaly. In this study, the extracts of the seaweed Osmundaria obtusiloba (O. obtusiloba) (native to the Brazilian coast) against ZIKV using Vero cells was evaluated. The seaweed extract tested inhibited ZIKV replication in a dose-dependent manner at low concentrations with EC 50 values of 1.82 μg/mL and a selective index (SI) of 288. Other results showed that this extract had significant virucidal effects. In addition, when the extract and Ribavirin were used concomitantly there was a significant synergistic effect. Our promising results suggest that extracts of O. obtusiloba are excellent candidates for further studies, and that marine algae are potentially important sources for the development of novel anti-ZIKV agents.
INTRODUCTION
The antiviral potential of marine macroalgae is widely recorded. Several studies have demonstrated activity of a number of species of algae against HIV-1 (Cirne- Santos et al., 2008; Barros et al., 2016) Mendes et al., 2012; Soares et al., 2012; Barros et al., 2015) , HSV-2 (Mendes et al., 2012; Soares et al., 2012) and dengue type 2 strains (Talarico et al., 2007) . Thus, marine algae provide a potentially rich source for the discovery of antiviral drugs. In this study, the native algal extract of Osmundaria obtusiloba (C.Agardh) R.E.Norris, from the Brazilian coast, was tested for inhibiting the replication of the Zika virus (ZIKV) (Hayashi et al., 2007) .
Arthropod-borne viruses, commonly called arboviruses, normally circulate in nature through biological transmission between susceptible vertebrate hosts and blood-feeding arthropods, such as mosquitoes. Studies show that the most important mosquitoes in this transmission are A. aegypti, although there is also strong evidence for the role of A. albopictus in this process too (Kraemer et al., 2015; Calvez et al., 2016) .
The main arboviruses causing disease in humans include the alphaviruses (Togaviridae: Alphavirus), flaviviruses (Flaviviridae: Flaviviruses), Bunyaviruses (Bunyaviridae) and some members of other virus families (Rhabdoviridae and Reoviridae). Currently, of the 534 viruses listed in the International Catalogue of Arboviruses, 214 are known to be, or are probably associated with arthropods, 287 viruses are reported to be possible arboviruses, and 33 are probably or definitely not arboviruses (Gubler, 2001; Iranpour et al., 2016) . In total, 134 of the 534 arboviruses have been reported to cause disease in humans and have a global distribution with the majority circulating in tropical areas, where climatic conditions favor transmission throughout the year (Gyawali et al., 2016; Tabachnick, 2016) .
Zika virus (ZIKV) is a mosquito-borne and from the genus Flavivirus, family Flaviviridae and clusters with the Spondweni serocomplex (Vorou, 2016) . Flaviviruses have a positive sense single-strand RNA genome of approximately 11,000 nucleotides in length. The genome contains a long open-reading frame (ORF) that encodes three structural proteins (capsid, precursor membrane and envelope) that form the viral particles and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The non-structural proteins participate in viral replication, virion assembly, and evasion of the host immune response (Lindenbach et al., 2013) . The infection in humans produces a self-limiting acute febrile illness with fever, headache, myalgia and rash, very similar to other arboviruses like Dengue Virus and Chikungunya. Therefore, in regions where more than one arbovirus is detected, ZIKV could be circulating but not be notified causing misleading and low incidences recorded (Tappe et al., 2015; Vorou, 2016) .
After the ZIKV was first detected in 1947, during a yellow fever surveillance program in Uganda, few reports of the disease were recorded until 2007 when there was a large outbreak in Yap Island Federal Sate of Micronesia (Faye et al., 2014; Hamel et al., 2016) . In October of 2013, a large outbreak occurred in French Polynesia where 396 laboratory confirmed cases were reported. Up to now, two main distinct ZIKV geographic lineages have been described (African and Asian) (Musso et al., 2014; Kucharski et al., 2016) .
A substantial proportion of ZIKV infections are subclinical, but when clinical symptoms occur, the disease produced was considered moderate and self-limiting. Recent studies, however, have described a strong association between ZIKV outbreak and an increased number of cases of Guillain-Barré Syndrome (GBS) in French Polynesia, indicating a first complication resulting from a ZIKV infection (Cao-Lormeau et al., 2016; Teixeira et al., 2016) . There is also strong evidence for the incidence of cases of microcephaly following ZIKV infection of women during pregnancy. These observations have been supported by evidence accrued during different outbreaks and resulted in great fear in pregnant women (Mlakar et al., 2016; Rodrigues, 2016) . Other factors associated with ZIKV infection, such as hyperglycemia, among other malignancies are clear demonstrations of the a potent morbidity of this virus (Nielsen and Bygbjerg, 2016) .
In May 15, 2015, the Ministry of Health of Brazil confirmed ZIKV circulation in the country after ZIKV identification in 16 samples (eight from Bahia and eight from Rio Grande do Norte) by the National Reference Laboratory. The symptoms that were described as are the most common include, arthralgia, edema of the extremities, slight fever, headache, retro-orbital pain, conjunctival hyperemia and maculopapular rashes, often spreading down the face to the limbs and often itchy, dizziness, myalgia and digestive disorders. (Junior et al., 2015; Heukelbach et al., 2016) .
There is no vaccine or specific antiviral therapy for the prevention or treatment of infections by ZIKV (Barrows et al., 2016) . A study identified the viral polymerase inhibitor, 7DMA, as an inhibitor of in vitro ZIKV replication, and, in virus-infected mice significantly reduced viremia and delayed virus-induced morbidity and mortality (Zmurko et al., 2016) . Deng et al. (2016) also showed that an adenosine analog has in vitro and in vivo activity against ZIKV.
Previous studies have shown different biological activities for O. obtusiloba extract such as: In vivo tests using BALB/c mice infected with L. amazonenses in the control of the dissemination of this parasite (Lira et al., 2016) ; acute toxicity tests have demonstrated that O. obtusiloba extract does not produce significant toxic effects in BALB/c mice (de Souza Barros et al., 2018) ; and studies have shown that compounds derived from O. obtusiloba showed potent antiviral activity against HSV-1 and HSV-2 and had low toxicity to cell cultures (de Souza et al., 2012) . In this way, these studies reinforced our perspectives for the accomplishment of this work.
Characterization of the antiviral activity of the crude extract of the algae O. obtusiloba against ZIKV was done in this work. It is shown that the extract inhibited ZIKV replication and thus our findings broaden the antiviral scope.
MATERIALS AND METHODS

Seaweed material and extraction
The seaweed O. obtusiloba, is a native species of Brazil and was collected by snorkeling at a depth 1-3 m in various coastal sites in Rasa Beach, Armação de Búzios, Rio de Janeiro State (lat. 22° 45'40", long. 41° 54' 32"). The seaweed was separated from sediments, epiphytes, and other associated organisms, washed with sea water and air-dried (approximate ca. temperature 28-30°C for 7-10 days) until the total evaporation of any water. Air-dried seaweed (approximately 100 g) was powdered and exhaustively extracted three times using ethanol for 72 h in the approximate temperature of 28 to 30ºC. The extract was evaporated under reduced pressure, yielding crude extract (15 to 20 mg), of which 2 to 5 mg was used in tests against the ZIKV. The ethanolic extract was chosen due to the efficiency of ethanol in extracting the phenolic compounds from O. obtusiloba (Carvalho et al., 2006) and also the low toxicity in vivo of this extract (de Souza Barros et al., 2018) .
Cells and virus
Vero cells (African green monkey kidney) were grown in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, cat. no 11960) supplemented with 5% Fetal Bovine Serum (FBS; Invitrogen), 2 mmol/L L-glutamine (Invitrogen, cat. no. 25030). Antibiotics were added at a final concentrations of 50 units/ml penicillin and streptomycin (Invitrogen, cat. no. 15070) . ZIKV (ATCC® VR-1839™) was amplified in C6/36 mosquito cells line from A. albopictus, adapted to grow at 28°C, was cultured in L-15 Medium (Leibovitz) supplemented with 0.5% tryptose phosphate broth, 0.03% glutamine, 1% MEM non-essential amino acids solution and 5% FBS.
Cellular cytotoxicity assays
To evaluate the cytotoxic effect of the seaweed extract, VERO cells were cultured in 96-well plates to 90% confluence. The cells were then treated with increasing concentrations (25, 50, 100, 200, 400 and 800 μg/ml) of the crude extracts of algae and incubated for 2 to 3 days in DMEM culture medium with 5% FBS at 37°C in a 5% CO2 atmosphere. For assessment of cell viability, the MTT method was used as previously described by Mosmann (1983) . In the 96-well plate previously treated with the extracts, the MTT reagent [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide] SigmaAldrich) was added at a concentration of 5 mg/ml and incubated for 3 h at 37°C. The MTT medium was then removed and 100 μM dimethylsulfoxide (DMSO) was added to the plate and incubated for 15 min to dissolve the formazan crystals (Mosmann, 1983) .. The plate was read in an ELISA reader at 550 nm absorbance. The percentage of metabolically active cells was compared to the control of extract untreated cells, to determine the cytotoxicity of the compounds. These assays were performed three times independently, each in triplicate.
Plaque reduction assay
VERO cells were cultured in DMEM medium and after confluence were incubated with the ZIKV (MOI of 0.1) for 2 h. Subsequently, the cells were washed with PBS to remove the residual virus and a 2% (w/v) mixture of CMC (Sigma Aldrich) was added with DMEM supplemented with 5% FBS, 5 mmol/L L-glutamine and 0.20% of sodium bicarbonate. Different concentrations of the seaweed extracts were added and incubated at 37°C in a 5% CO2 atmosphere and analyzed daily for plaque formation. Subsequently, the cells were fixed with 10% formaldehyde, then stained with 1% crystal violet and the plates were examined and plaque formation quantified. The assay was used for evaluation of antiviral activity and for viral titration. The infectious virus titer (PFU/mL) was determined using the following formula: plate count × dilution factor × (1 / inoculation volume).
Antiviral assay
Antiviral activity was evaluated using a virus plaque reduction assay. Vero cells were grown in 24-well plates under conditions described above and subsequently infected with ZIKV (MOI of 0.1) in the absence or presence of different concentrations of the crude seaweed extracts ranging from 1.25, 2.5, 5, 10, 15, 20, 25 or 50 μg/mL, respectively. After 1 h of adsorption at 37°C, residual inoculum was replaced by medium containing 2% methyl-cellulose and the corresponding dose of each extract. Plates were evaluated daily and counted between 5 to 10 days of incubation at 37°C in 5% CO2. The 50% inhibitory concentration (EC50) was calculated as the extract concentration required reducing the virus plaques by 50%. All experiments were performed twice and each in triplicate.
Viral kinetics and time-of-drug addition studies
Vero cells were cultured in 24 well plates, as above and after 90% confluence, was treated differentially. In some wells, the cells were pretreated with the crude extract at 5 μg/mL, from O. obtusiloba for 1, 2 or 3 h prior to infection. Subsequently, these cells were incubated with ZIKV (MOI of 0.1) while in other wells cells were incubated at time 0 (immediately after infection) or at 1, 2 and 3 h post-infection with the extract concentration of 5 μg/mL. Cells were then maintained under the conditions for the plaque assay production at 37°C in 5% in CO2. Inhibition of viral replication was evaluated in relation to the control cells, incubated without extract in 3 independent experiments in triplicate.
Virucidal effect
A suspension of ZIKV, containing the relative concentration which in culture corresponds to an MOI of 0.1, was incubated with the same volume of algae extract from O. obtusiloba at concentrations of 2.5, 5 or 10 μg/mL and incubated in microtiter plates for 2 h at 37°C. The pre-incubated samples were then added to Vero cells in 24-well plates for 2 h, washed and incubated under plate-assay conditions. The virucidal effect was defined by the ability of the compound to inactivate the particles not allowing infection and without generating cytopathic effect as observed in the virus-only control.
Synergistic effect test O. obtusiloba plus Ribavirin
For this analysis, Vero cells were cultured in 24-well plates Concentration that reduced 50% of ZIKV replication when compared to infected controls. c Selectivity index was defined as the ratio between CC50 and EC50 and represents the safety for in vitro assays.
subsequently infected with ZIKV MOI 0.1. Subsequently, the infected cells were treated with a high dose of 10 μg / ml extract and 10 μM Ribavirin capable of inhibiting 90% of viral replication. The inhibition with a minimum dose of both 0.5 μg / mL extract and 0.5 μM Ribavirin which are concentrations that inhibit replication below 20% was also evaluated. For the synergism evaluation, we combined the concentrations of the compounds and added the infected cells. After 72 h, inhibition of cytopathic effect was observed by inhibition of viral plaque formation.
Statistical analysis
The data were analyzed by one-way analysis of variance (ANOVA) followed by a Tukey test using the GraphPad Instat version 3 program. A p value of <0.05 was considered statistically significant. The values of p<0.05, p<0.01 and p<0.001 are shown in the figures.
RESULTS
Cytotoxicity and effect of the extract on the ZIKV replication in Vero cells
The cytotoxicity (CC 50 ) of the extract from the algae was assessed by MTT (Sigma-Aldrich), as previously described (Mosmann, 1983 ) with some modifications. The results in Table 1 show that the O. obtusiloba extract produced the best CC 50 with a value of 525 µg/mL. Subsequently, the antiviral activities of the extract were evaluated. For these analyzes, different concentrations of the extract was tested starting with a concentration having an inhibitory potential of 20 μg/mL and reducing the concentration progressively. The extract inhibited the replication of ZIKV in a dose-dependent manner ( Figure  1 ). The results demonstrate that O. obtusiloba extract inhibited above 90% of ZIKV replication in the highest concentrations (20 μg/mL) with low EC 50 values of 1.82 μg/mL. Based on these data, the Selectivity Index (SI), representing the degree of reliability of the extracts for possible future use, was derived from the relationship between the CC 50 and EC 50 levels. The values of EC 50 and SI presented by O. obtusiloba extract, 1.82 µg/mL and 288 respectively, were better and gave significances and times significantly better than those obtained by ribavirin (EC 50 = 3.95 µg/mL; SI=75.2) used as a control (Table 1) .
Virucidal effect
The virucidal activity of O. obtusiloba extract was evaluated against ZIKV. The viral suspension was maintained with different concentrations of the extracts (2.5, 5 and 10 µg/mL) for 2 h and then added to Vero cell cultures. The results showed that O. obtusiloba had a good inactivation capacity of the virus (virucidal effect). Figure 2 shows that the O. obtusiloba extract significantly inhibited ZIKV infectivity at higher levels than Ribavirin at all concentrations tested and at 10 μg/mL of this extract inhibited about 80% of ZIKV replication.
Time of drug addition
To identify the step at which viral replication might be inhibited, time of addition experiments were performed with the compounds administered 5.0 µg/mL at 3, 2, 1 h before infection. Subsequently, the virus was added at time 0, 1, 2, and 3 h after infection and Ribavirin was used as a control (5 µM). At time 0, O. obtusiloba extract inhibited over 80% of viral replication. O. obtusiloba and Ribavirin maintained an inhibitory effect at the other times but with a decline recorded but even at 3 h after virus infection at least 60% inhibition occurred in viral replication (Figure 3) .
Synergism between the extract of Osmundaria obtusiloba and Ribavirin
The results obtained clearly show the inhibitory efficiency of the O. obtusiloba extract on ZIKA was greatly increased with the addition of Ribavirin and can be attributed to a synergistic effect. As shown in Figure 4 , the addition of and associated with the lowest concentrations, the inhibitory effect was potentiated and was inhibiting almost 3 times more than the effect of both added at 0.5 μM alone, generating an inhibition of the replication of the ZIKV of approximately 90%, and thus showing characterizing a strong synergistic effect.
DISCUSSION
In this study, the results demonstrate that O. obtusiloba extract inhibited viral replication significantly when cells were treated with various concentrations of the extract and that inhibition was dose-dependent generating an EC 50 of 1.82 μg/mL. In addition, there was a low cytotoxicity of the extract on Vero cells resulting in a CC 50 of 525 μg/mL. Interestingly, the extract showed a selectivity index (SI) of 288 which, as demonstrated in the literature, is described as good for SI compounds with values greater than 100 (Silva et al., 2011; Zandi et al., 2011) .
The literature records a considerable number of studies of antivirals for Dengue that has very significant results (Zandi et al., 2012) . However, few studies have been undertaken for other arboviruses that have results as significant as those on Dengue. ZIKA was focused on, which has been associated with severe syndromes (Alvarado-Socarras et al., 2018; Barbi et al., 2018) .
Previously seaweed extracts have been reported with little cytotoxicity (Alencar et al., 2014) but with considerable antiviral activity, for example, in studies with HIV (Nogueira et al., 2016) and against Herpes (de Souza Barros et al., 2017) .
In the present work, initially the seaweed extract was evaluated for virucidals activity and shown to inactivate the ZIKA particles. The studies demonstrated that the extract of O. obtusiloba inactivated the viral particles up to 80% in concentrations of up to 10 μg/mL. Thus, additional studies of this virucidal compound are necessary to develop new strategies for the preparation of preventive measures.
Looking for specific characteristics of the mechanism of action of the extract, studies such as the time of addition of the extracts (Time of Addition Experiment) showed that the O. obsutiloba used at different times both pre-and post-infection has great potential to inhibit the replication of ZIKV, around 60% after treating up to 3 h prior to infection. At time 0, however, the addition of the extract was concomitant with the infection of the cells, and resulted in 90% inhibition of the virus replication. Even if the extract was added up to 3 h after infection, there was still inhibition of around 80% of the virus. As far as infections are concerned, the signs and symptoms can initially be confusing and the follow-up may be delayed but a drug capable of treating late infections would be an Monolayers of Vero cells were infected with ZIKV at an MOI of 0.1 and subsequently treated with the extract and Ribavirin subdoses (0.5µg/mL and 0.5µM, respectively) and concentrations of 10µg/mL and 10µM. In addition, combinations of the extract and Ribavirin were also tested at both concentrations for assessment of synergism. Evaluation of the synergistic antiviral effect was determined by the inhibition of cytopathic effects by plaque assay. Data are presented as percentage of virus titer, when compared to control cells and are expressed as the mean of three experiments ± standard error. Statistical analysis was performed using Tukey test: * p<0.05; **p<0.01; **p<0.001. important additional strategy. These data suggest the potential of O. obtusiloba as an algal extract candidate for future development. Similarly, Zmurko et al. (2016) performed time of drug addition studies against ZIKV with the 7 DMA viral polymerase inhibitor, but without pretreatment and with posttreatment at different times up to 24 h. They showed that the addition of the compound to the infected cells could be delayed up to ~10 h after infection without much loss of antiviral potency (Zmurko et al., 2016) .
There is much interest in searching for combinations of drugs for the inhibition of virus replication as described for Dengue (Yeo et al., 2015) , HSV-1 (Mancini et al., 2009) , and also for Chikungunya (Mishra et al., 2016) . These analyzes are performed in order to reduce the concentration of substances used and to optimize the treatments making them more effective and less toxic. The results herein demonstrated an important synergistic effect by the combination of Ribavirin and the O. obtusiloba extract (Figure 4) , since the use of both combined in subdoses were able to inhibit viral replication three times more than both evaluated separately.
Conclusions
The findings showed that the crude O. obtusiloba seaweed extract tested had activity against ZIKV, demonstrating that marine algae are an interesting source for drug discovery and the development of novel anti-ZIKV agents. Extracts of O. obtusiloba all gave very promising results, and are candidates for further studies to isolate their active factors and better elucidate their mechanisms of action. In summary, O. obtusiloba extract has anti-ZIKV with a particularly significant virucidal effects and synergistic effect in combination with Ribavirin. Currently, there are no vaccines or specific drugs for prevention and treatment of ZIKV infection. The results demonstrate the importance of the marine environment in the search for antivirals drugs with activity against ZIKV.
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